A freshwater Spirillum sp., which apparently belongs to a niche of low nutritional status (Matin & Veldkamp, 1978) , accumulated poly-P-hydroxybutyric acid (PHB) during lactate-limited growth in continuous culture. The PHB content varied in a complex manner with the dilution rate (D), but was greatest at the lowest D value examined: about 18 yo (w/w) at D = 0.025 h-l. It is not known what mechanism accounted for PHB accumulation during carbon-limited growth. The resistance of cultures of Spirillum sp. to starvation after growth at various D values was compared with that of a Pseudomonas sp. which appears to belong to relatively richer environments (Matin & Veldkamp, 1978) and does not accumulate PHB. In Spirillum sp., resistance correlated directly with the PHB content of the culture subjected to starvation, whereas in Pseudomonas sp. it increased with RNA content. Further, after growth at D = 0.03 to 0.05 h-l, the Spirillum sp. was much more resistant to starvation than was the Pseudomonas sp. Since the microflora of oligotrophic environments are probably often subjected to starvation conditions, PHB accumulation by Spirillurn sp. during growth in such environments may assist survival. PHB in Spirillum sp. was rapidly degraded during starvation but it had no sparing effect on RNA degradation. It is not known how PHB enhanced resistance to starvation.
Organisms andgrowth conditions. The freshwater Spirillum sp. DSM 1109 and Pseudomonas sp. DSM 11 10, isolated in our laboratory (Matin & Veldkamp, 1978) , were used in these studies. These bacteria are in the Deutsche Sammlung von Mikroorganismen, Gottingen, West Germany. [The address previously given (Matin & Veldkamp, 1978) erroneously specified Munchen.] The medium and details of chemostat cultivation have been described previously Matin & Veldkamp, 1978) . The chemostat had a working volume of 200 ml; the incubation temperature was 28 "C; L-lactate, which was the growth-limiting nutrient in most experiments, was supplied at 0.05 % (w/v). The steady-state cell density of the culture varied between 0.08 and 0.13 g dry wt 1-1 depending on the D value. The pH was between 7.0 and 7.3. The O2 tension of the growing cultures was periodically monitored by an O2 electrode and was never below 80 % air-saturation. To minimize evaporation of the culture fluid, the inflowing air was passed through a water column (25 x 8 cm) kept at 28 "C. Bacteria were grown at a given D value for at least five volume changes before they were considered to be in a steady-state.
Electron microscopy. To prepare thin-layer sections, cell pellets were fixed for 2 h at 4 "C in phosphatebuffered 2.5 % (w/v) glutaraldehyde, washed for 30 min in 0.1 M-phosphate buffer and post-fixed in phosphatebuffered 1 % (w/v) OsO, for 1 h. After washing with distilled water, the samples were stained for 30 min in uranyl acetate [l % (w/v) in double-distilled water]. The samples were dehydrated in a graded series of ethanol, embedded in Epon and, after sectioning with a diamond knife on an LKB ultramicrotome, were picked up on uncoated 300 mesh grids. For freeze-etching, cells were washed in 20 % (v/v) glycerol and the pellet was quickly frozen in liquid Freon and stored in liquid nitrogen. The specimens were freeze-fractured, etched for 30 s, shadow-coated with platinum carbon and replicated with carbon in a freeze-etching unit (Balzers, Liechtenstein) by the method of Moor & Miihlethaler (1963) . Replicas were floated off on doubledistilled water, cleaned with 70 % (w/v) chromic acid, rinsed with distilled water, treated with 20 % (w/v) NaOH and finally washed in several changes of double-distilled water. The replicas were collected on bare 300 mesh copper grids. Specimens were examined in a Philips EM300 electron microscope at 80 kV.
Starvation procedure. After pure cultures of the bacteria had grown to a steady-state at various D values, the medium flow into the culture vessel was stopped and the organisms were starved in the growth medium under otherwise unchanged conditions. Such a procedure probably bears a closer resemblance to starvation conditions in nature than the conventional method involving washing and resuspension of cells in fresh medium or buffer. At intervals during starvation, samples were removed; the level of the remaining culture fluid in the vessel was marked and any decrease in the fluid during further incubation was compensated for by adding sterile distilled water before taking the next sample. Viability was determined as described by Matin & Veldkamp (1978) . PHB and RNA determination. Samples (25 ml) removed from steady-state or starving cultures were centrifuged (8300g; 20 min; 4 "C) and the pellets were taken up in distilled water. These suspensions were then suitably diluted and used in PHB and RNA determinations. PHB, RNA and dry weight were determined by the methods of Zevenhuizen & Ebbink (1974), Munro & Fleck (1966) and Matin & Veldkamp (1978) , respectively.
RESULTS

PHB accumulation during L-lactate-limited growth
Thin sections and freeze-etched preparations of Spirillum sp., grown at D = 0.05 h-l under L-lactate limitation, showed the presence of inclusions ( 
Starvation experiments
After 30 h starvation, the residual viability of both organisms was a function of the D value at which the culture had been grown prior to the onset of starvation (Fig. 3) . In
Pseudomonas sp., the survival increased linearly with the increasing D value of the culture subjected to starvation, and correlated with the initial RNA content of the organisms (Fig.   4b) , which also increased linearly [from 7 to 22 % (w/w)] in the range of D values examined.
In contrast, the resistance to starvation of Spirillmz sp. correlated with the initial PHB content of the culture (Fig. 4a) . After growth at D = 0.03 to 0.05 h-l, when the PHB content of Spirillum sp. was highest, approx. 60% of the cells of this organism were still viable after 30 h starvation, whereas virtually no survivors were found after this period of i.e. very low ambient concentrations of L-lactate, the resistance to starvation of Spirillum sp. is much greater than that of Pseudomonas sp., but after growth at higher D values the resistance of Pseudomonas sp. is either equal or greater. Since PHB degradation during starvation delays or slows down RNA breakdown in some bacteria (Hippe, 1967) , we compared the rate of RNA breakdown in the two bacteria during starvation after growth at various D values. PHB was rapidly degraded by the starving cells of Spirillum sp. regardless of the D value at which they had been grown and hence of the amount of PHB they contained at the start of starvation (Fig. 5) ; nevertheless, the rate of RNA breakdown was higher in Spirillum sp. than in Pseudomonas sp. at D = 0.05 h-1. In general, the rate of RNA breakdown in the bacteria during starvation increased with increasing D value of the culture subjected to starvation.
DISCUSSION
The capacity of Spirillum sp. to accumulate PHB during carbon-(and energy-)limited growth is unusual since only two other instances of such accumulation have previously been reported : Bacillus megaterium (Wilkinson & Munro, 1967) and Azotobacter beijerinckii (Senior et al., 1972) , which formed up to 13 and 3 % (w/w) PHB, respectively, during glucose-limited growth. As with Spirillum sp., the PHB content of both these bacteria was markedly influenced by their growth rate.
If bacteria in nature are often exposed to starvation for carbon (and energy), as is likely to be the case, then the advantage of saving a critical resource in times of relative plenty is of evident survival value. That accumulation of PHB enhanced resistance of Spirillum sp. to carbon starvation is strongly suggested by the correlation between the PHB content of the different populations of this bacterium and their resistance to this stress; that such accumulation might be of selective advantage is indicated by the fact that after growth under conditions leading to a relatively high PHB content, the resistance of Spirillum sp. to starvation was significantly greater than that of P~eudomonas sp. (which does not accumulate this polymer). The ability of Spirillum sp. to synthesize PHB reserves during growth at limiting and very low concentrations of a carbon compound would therefore appear to be another adaptation, in addition to those previously reported, by this bacterium in response to its natural niche of an oligotrophic environment (Matin & Veldkamp, 1978) . The advantage of Spirillum sp. during starvation obtains only subsequent to growth in this sort of environment; after growth in richer environments, the resistance to starvation of Pseudomonas sp. was equal to or greater than that of Spirillum sp.
Synthesis of PHB is believed to be triggered by conditions which tend to raise the internal NAD(P)H concentrations (Dawes & Senior, 1973) , such as growth under NH,+, K+ or O2 limitation; the PHB synthesized probably serves as an electron sink for the excess reducing power (Senior et al., 1972) . However, the regulatory mechanism which led to PHB synthesis in Spirillum sp. under carbon-limited and highly aerobic conditions must be different, since under these conditions reducing equivalents are likely to be limiting rather than be in excess. Similarly, the mechanism of dependence of PHB content on culture growth rate is not known, though growth rate profoundly influences the enzymic and co-factor composition of these bacteria (Matin et ul., 1976; Matin & Gottschal, 1976 The mechanism whereby PHB may enhance survival of Spirillum sp. is unknown. It is evident that degradation of PHB during starvation did not spare cellular RNA in this bacterium but it is conceivable that this degradation is required to balance some physiological parameter, such as the energy charge (Montague & Dawes, 1974) , at a value necessary for survival.
Work reported in this paper is based in part on the Master's theses of C . Veldhuis and V. Stegeman.
